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ABSTRACT 

The asymmetric lipid composition in plasma membranes within the inner leaflet is not typically 

suitable for domain formation. Thus, elucidation of the likelihood of the formation or stability of 

a raft-like domain in the inner leaflet is necessitated. Herein, we investigated the phase behavior 

of asymmetric membranes using coarse-grained molecular dynamics simulations. The lipid leaflet 

comprising dioleoylphosphatidylcholine (DOPC) and cholesterol (Chol) does not typically show 

well-developed domains in symmetric bilayer membranes; however, it does separate into liquid 

ordered (Lo) and liquid disordered (Ld) phases when the opposing leaflet containing sphingomyelin 

(SM), DOPC, and Chol demonstrate domain formation. We determine that interdigitated acyl 

chains modulated the partitioning of Chol in the opposing leaflet, resulting in phase separation. 

Similarly, the acyl chain length of SM within the opposing leaflet affected the phase behavior of 

the leaflet. Our results reveal the crucial role of interdigitation in determining the phase status in 

asymmetric membranes. 
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Heterogeneous molecular distribution in the plasma membrane has gained significant attention 

due to its biological importance1–3, especially since the lipid raft model proposed lateral 

heterogeneity of the plasma membrane. Favorable interactions between cholesterol (Chol) and 

saturated lipids were shown to induce phase separation of the lipid membrane into liquid- ordered 

(Lo) and disordered (Ld) phases4–6. Since lipid rafts play a crucial role in biological functions, such 

as protein sorting, signal transduction, and viral fusion7–13, it is of great importance to understand 

the structure and characteristics of lipid rafts. Since the first optical observation of lipid rafts in a 

model vesicle14, subsequent studies have revealed the physicochemical properties of lipid rafts15–

19.  

Interleaflet interaction has been recognized as an important consideration in understanding the 

phase separation of the lipid membrane. Many studies have shown that lipid rafts in each leaflet 

do not exist independently; instead, there is a strong coupling of Lo domains between the leaflets. 

It was estimated20–22 that the inter-leaflet coupling strength is in the range of 0.01–1 kBT/nm2. In 

addition, theoretical studies suggest that the strong coupling between leaflets results in the domain 

registration (phase symmetry)23. Owing to its complexity, there is currently no consensus on the 

mechanism of the interleaflet coupling, although several hypotheses, such as electrostatic coupling, 

interdigitation, curvature, and transmembrane proteins, have been proposed24,25. 

Since the cellular membrane consists of asymmetric lipids, the role of the interleaflet interaction 

in determining phase behavior becomes more important. In order to optically detect lipid rafts, 

model vesicles were employed; these are typically composed of phosphatidylcholines (PC), 

sphingomyelins (SM), and Chols, which are the major lipids found in the outer leaflet of the plasma 

membrane4,14. However, domain formation was not detected in lipid membranes with the lipid 

composition of the inner leaflet26,27. There have been experimental observations demonstrating that 
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Lo or Chol-enriched domains in one leaflet induces domain formation in the opposing leaflet27–31. 

Similarly, MD simulations have also shown preferential ordering of lipid tails owing to domain 

formation in the opposing leaflet32–34. The results suggest that either curvature or acyl chain 

interdigitation may have a role in the ordering of acyl tails. Nevertheless, even though Chol 

enrichment is essential to promote Lo phase formation at physiological temperature, there is 

currently no clear explanation for the localization of Chols in the Lo domains of the opposing leaflet 

due to the inter-leaflet interaction in asymmetric membrane. 

In this work, we investigated domain formation by interleaflet coupling in asymmetric 

membranes using coarse-grained (CG) MD simulations. We exploited the SPICA force field35–40, 

which was recently developed to accurately predict the phase behavior of lipid membranes 

containing Chol and SM. Unlike previous MD studies that were concerned with acyl chain 

ordering, we have focused our study on Chol partitioning in the regions facing to the Lo and Ld 

domains. In addition, the effects of the acyl chain length of SMs on domain formation across 

leaflets were studied. 

To mimic the conditions in which the inner leaflet cannot form domains alone, we prepared the 

asymmetric membrane PSM:DOPC:Chol(up)/DOPC:Chol(low) in roughly 1:1:1 ratio (See Table 

S1 for details). In this paper, “up” and “low” in the parentheses indicate the upper and lower leaflet 

compositions, respectively. In our previous work35, the symmetric membrane SM:DOPC:Chol in 

1:1:1 ratio was found to separate into Lo and Ld phases. In the absence of saturated lipids, however, 

the lipids in the binary-mixed membrane DOPC:Chols (< 40% Chol) were randomly distributed, 

showing no clustering, regardless of the Chol content. However, in the case of the asymmetric 

membrane PSM:DOPC:Chol(up)/DOPC:Chol(low), the phase behavior of the lower leaflet was 

remarkably different, as shown in Fig. 1.  
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Figure 1. Phase behavior of PSM:DOPC:Chol/ DOPC:Chol. (a) Time evolution of the Lo ratio 

during the simulation. (b) The side view of the membrane at 8 μs. (c) The top view of the snapshots 

at the initial (0 μs) and final (8 μs) states of the MD simulation. Color code is as follows: Red: 

DOPC, Green: PSM, and Silver: Cholesterol. (d) Averaged order parameter distributions over the 

last 100 ns trajectory in the 8 μs MD run. 
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Figure 1 depicts the Lo / (Lo + Ld) ratio in each leaflet during the course of the MD simulation, 

the final snapshot of the membrane system, and the order parameter distribution in each leaflet 

calculated over the last 100 ns trajectory of the 8 μs MD run. In order to distinguish Lo and Ld 

domains, we calculated the CG order parameter, which measures the degrees of order of the tail 

chain, in a manner similar to the calculation of the deuterium NMR order parameter (see SI for 

details). We regard the lipid to be in the Lo state if the CG order parameter is larger than 0.7 and 

0.35 for SM and DOPC, respectively. The criteria to distinguish Lo and Ld domains were 

determined based on the average CG order parameters in the binary systems containing 40% Chol. 

The proportion of Lo domains maintained larger than 50% in both leaflets (Fig 1(a)), clearly 

demonstrating phase separation. In addition, the locations of the high order parameter coincide 

with that of the high Chol distribution (Fig 1(b, c, d)). This clearly shows preferential ordering of 

the lipid tail owing to Chol enrichment. The inhomogeneous distributions of Chol and the order 

parameter also indicate phase separation of the membrane. As expected, we observed a clear phase 

separation of the upper leaflet into the Lo and Ld domains. Interestingly, although the lower leaflet 

only contains DOPC and Chol, heterogeneous distribution of Chol and the order parameter across 

the leaflets indicate a similar phase separation in the lower leaflet. In addition, interleaflet coupling 

of the Lo domains in the upper and lower leaflets was evident. To quantify the registration of the 

Lo domains, we calculated the ratio between the registered and anti-registered domains. The 

registration ratio of the Lo domains between the upper and lower leaflets rapidly increased in the 

early stage of simulation and saturated above 50% (Fig. S1). Thus, in the PSM:DOPC:Chol(up)/ 

DOPC:Chol(low) membrane, domain formation in the upper leaflet was found to induce domain 

formation in the lower leaflet.  
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Since it is natural to consider that interleaflet coupling should correlate with the acyl chain length, 

it has been speculated that the long-chain SM may have an important role in interleaflet 

communication41. To investigate how the acyl chain length affects the domain formation, we 

performed comparative CG-MD simulations on the membranes of LSM:DOPC:Chol(up)/ 

DPPC:DOPC:Chol(low) in 1:1:1 ratio and PSM:DOPC:Chol(up)/DPPC:DOPC:Chol(low). In 

these cases, we expect that both leaflets show a phase separation in their symmetric bilayers. Thus, 

the system is useful to examine whether the long acyl chained SM promotes or hinders domain 

formation in the opposing leaflet.  

Figure 2 illustrates the phase behavior of the membranes after 8 μs of CG-MD starting from the 

randomly mixed asymmetric membranes. As expected, in all cases, the upper leaflets consisting 

of SM:DOPC:Chol showed phase separation into Lo and Ld phases. We detected domains enriched 

with Chol, corresponding to regions with the higher order parameter. Interestingly, an obvious 

difference in the interleaflet coupling was detected between the two membranes containing PSM 

and LSM. In the case of the PSM membrane, domain formation in the lower leaflet was clearly 

observed. The Lo domains in both leaflets were registered (phase symmetry). In the case of the 

LSM membrane, the lower leaflet showed a smaller Lo domain, compared to the PSM membrane. 

In addition, the Lo domains are not in registry; instead, the formation of anti-registered (phase 

asymmetry) domains was observed. The registration ratio clearly shows the different phase 

behavior between PSM and LSM (Fig. 2(c)). 
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Figure 2. Phase behavior of PSM:DOPC:Chol(up)/DPPC:DOPC:Chol(low) and 

LSM:DOPC:Chol(up)/DPPC:DOPC:Chol(low) after 8 μs simulation. Averaged order parameter 

distributions of systems of (a) PSM:DOPC:Chol(up)/DPPC:DOPC:Chol(low) and (b) 

LSM:DOPC:Chol(up)/DPPC:DOPC:Chol(low) over 100 ns at 8 μs. (c) Order parameter 

registration ratio. (d) Snapshot of the side view at 8 μs. Color code is as follows: Red: PSM, Blue: 

DOPC, Orange: DPPC, and Yellow: Cholesterol.  

As seen in Fig. 2(c), in the membrane containing PSM, the registration ratio increased up to ~0.7. 

However, the registration ratio of the membrane containing LSM started decreasing at 

approximately 0.3 µs, and finally only a 0.2 fraction of Lo domains are registered. This result 
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indicates that the Lo domain containing LSM in the upper leaflet expels the Lo domain and even 

prohibits the formation of large domains in the lower leaflet. 

In our CG MD simulations on the mixture systems, we found that the partitioning of Chol is 

highly affected by the composition of the opposing leaflet. As the tail length of SM (i.e., PSM and 

LSM) was observed to alter the phase status in the opposing leaflet, we further investigated the 

partitioning of Chol depending on the acyl chain compositions in the opposing leaflet. For this 

purpose, because it is difficult to systematically quantify the preference of Chol in the mixture 

systems, we prepared simple systems, which contain only DOPC in the upper leaflet and various 

compositions in the lower leaflet: DOPC, PSM(C16:0):Chol, ASM(C20:0):Chol, and 

LSM(C24:0):Chol. In addition, we prepared the DOPC+Chol(up)/PSM+Chol(low) system to 

further observe the effect of interdigitation. We measured the transfer free energy (TFE) of Chol 

molecule from membrane to water to quantitatively measure the preference of Chol partitioning. 

TFE was calculated by transferring one Chol molecule embedded in the upper leaflet (DOPC only) 

from its stable position to the bulk water region. The required free energy for the transfer was 

calculated using the adaptive biasing force (ABF; for the details refer to Refs. [42] and [43]) 

method. In order to avoid the energetic contribution resulting from area mismatch, we verified that 

the area of the two leaflets agreed with each other, and confirmed that the tilt angle distribution 

and CG order parameter of the DOPC leaflet did not change significantly.  
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Figure 3. Transfer free energy of Chol and overlap parameter in simple systems. The top and 

bottom rows of the x-axis tick labels denote the lipid components in the upper and lower leaflets, 

respectively.  

 

Figure 3 depicts the TFE of Chol with respect to the opposing leaflet compositions. Despite the 

relatively large statistical error of the TFE, one can clearly observe the differences between the 

systems. The DOPC(up)/DOPC(low) membrane shows the smallest energy gain, while the 

DOPC+Chol(up)/PSM+Chol(low) shows the largest energy gain, i.e., when Chol was added to the 

DOPC layer. By varying the type of SM, we found that the free energy gain of Chol is affected by 

the acyl chain length in the opposing leaflet. As the acyl chain length of SM increased, less free 

energy gain was observed. Since longer acyl chains readily penetrate deeper in the opposing leaflet, 

we speculated that acyl chain interdigitation and Chol partitioning are strongly related. We 
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quantified the degrees of interdigitation, namely the overlap parameter (see SI), and compared it 

with TFE. Higher value of the overlap parameter indicates the deeper penetration (stronger 

interdigitation) of acyl chains from opposing leaflet. In Fig. 3, the red line shows the overlap 

parameter in each system. Interestingly, a clear correlation was observed between the level of 

interdigitation and TFE. The DOPC(up)/DOPC(low) membrane shows the largest overlap 

parameter and the smallest energy gain, while the DOPC+Chol(up)/PSM+Chol(low) membrane 

shows the smallest overlap parameter and the largest free energy gain. In addition, longer tails of 

SMs increased the TFE of Chol in the opposing leaflet. The results indicate that the partitioning of 

Chol is unfavorable in the highly interdigitated region.  

Indeed, we found a strong correlation between the location of the Lo domains and interdigitation 

in the mixture systems. To compare with the simple systems, we calculated the free energy gain 

of Chol between the Chol-depleted region (representing Ld) and the Chol-enriched region 

(representing Lo) from the distribution of Chol (see SI). The free energy gain owing to the phase 

status in the opposing leaflet between the regions facing Lo and Ld in the mixture system shows a 

similar value to the simple systems, which is -2.0 kBT (c.a. -1.2 kcal/mol). We also calculated the 

average overlap parameters in each pixel on the mixture membrane surface to compare the phase 

status and interdigitation. In the case of the membrane containing PSM, it was found that the highly 

interdigitated regions (i.e., where the higher overlap parameters are found) clearly correspond to 

the Ld domains (Fig. 4(a, b)). Accordingly, the Lo domains show much smaller overlap parameters 

than the Ld domains. In contrast, in the membrane containing LSM, the overlap distribution does 

not show a clear correlation with the domain distribution (Fig 4(c)).  
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Figure 4. Interdigitation of the acyl chain at 8 μs. (a) PSM:DOPC:Chol(up)/DOPC:Chol(low), 

(b) PSM:DOPC:Chol(up)/DPPC:DOPC:Chol(low), and  (c) LSM:DOPC:Chol(up)/DPPC:DOPC: 

Chol(low). Upper panels: phase status of the upper leaflet of each system. Green and red indicate 

the Lo and Ld phases, respectively. Lower panels: overlap parameter distribution. 

 

Because the enrichment of Chol gives rise to the condensation of the acyl tail, which leads to the 

formation of Lo domains, it is of great importance to understand how Chol partitioning is promoted. 

Our MD simulation results suggest that the interdigitation of acyl chains is one of the key factors 

that drives Chol partitioning. The MD simulation results of the mixture system showed that the 

leaflet could be phase separated into Lo and Ld phases, even in the absence of saturated lipids. Free 

energy calculation indicates that the penetration of the acyl tail from the opposing leaflet 

discourages Chol partitioning. Accordingly, Chol tends to move to the region of the opposing Lo 

phase when it is free from the long SM, resulting in the phase separation of the leaflet even without 
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saturated lipids. Conversely, the long acyl chain in the Lo domain inhibits Lo domain formation in 

the opposing leaflet. Therefore, in relation to the cellular membrane, our results suggest that the 

Lo domains in the inner leaflet, which lacks SM lipids, can be induced by the Lo domain in the 

outer leaflet, regardless of the presence of saturated lipids.  

Obviously, the phases in the membrane is not determined by one factor. In particular, interleaflet 

coupling is affected by various factors, such as interdigitation of the acyl chain, membrane 

curvature, hydrophobic mismatch between domains, and the presence of transmembrane proteins. 

Amongst these, we showed that the interdigitation itself is capable of controlling the lipid domains. 

Moreover, experimental evidence demonstrated that the interdigitation of long acyl chains directly 

affects cellular activities44–46. These experiments inform us of the paramount importance of 

interdigitation. In this regard, this study offers profound insight into the molecular mechanism of 

interleaflet interactions in the cellular membrane. 

 

EXPERIMENTAL METHODS 

We prepared asymmetric membranes using CHARMM-GUI47 and PACKMOL48. Initial 

configurations of small patches were constructed by CHARMM-GUI, and the unit patches were 

duplicated by PACKMOL to enlarge the system size. Table S1 lists the systems we conducted in 

this study. All simulations were run using LAMMPS49 with the SPICA force field35–40. In all 

simulations, the temperature was maintained at 298 K using the Nosé-Hover thermostat50,51. The 

semi-isotropic pressure control was applied at 1 atm using the Parrinello-Rahman barostat52,53 with 

a response time of 5 ps. The cut-off scheme was used for the LJ-type interaction (rcut=1.5 nm), 

while the particle-particle particle-mesh method54 was used to calculate long-range electrostatic 

interactions. A time step of 10 fs was used in all MD simulations. 
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